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This is a typical conceptual assembly of the Thermoelectric Ambient Energy Harvester compnsed of the 
generator (thermocouple assembly), heat delivery and rejection components (heat pipes), sensors bemg 
powered (not necessarily shown to scale), and interfacing electronics. The Thermoelectnc Ambient 
Energy Harvester can produce enough power from small ambient differences in temperature (<5°C) to 
power a variety of sensors and other low-power applications in the 100 microwatt to 100-milliwatt range. 
Deployment of the Ambient Harvester is shown in two environments where natural temperature 
differences exist: above and below the ground surface and either side of ductwork that delivers heating, 
ventilation, and air conditioning in buildings. 



Product's primary function: 

A radically new thermocouple design by PNNL allows us to literally pull usefial amounts of thermal energy 
out of the air to power sensors and the radio frequency transmitters necessary to send the data they generate 
for a wide range of remote monitoring applications including buildmg energy management, automotive 
component controls, agricultural monitoring, security surveillance, and wildlife management. 

The Thermoelectric (TE) Ambient Energy Harvester uses an assembly of ultra-thin thermocouples in a unique 
configuration that can exploit small (>2°C) tenq)erature differences occurring nahu^Uy in the environment 
(e.g., ground to air, water to air, skin to air) to provide maintenance-free, continuous power for wireless 
sensors and a wide range of other stand-alone, low-power devices 

The individual fliermocouples, which are typically 1 cm higji by 1.5 cm wide and only a few micrometers 
thick, are deposited in a linked "chaia" onto a thin, flexible plastic substrate (similar to camera film), using a 
sputtered thin-film deposition technique developed by PNNL. This plastic substrate is coiled around a spool 
enabling up to several fliousand thermocouples to be assembled into a thermoelectric generator about 
1 X 1.5 cm that can produce tens of microwatts to 100 milliwatts or more. 

PNNL is developing applications for the TE Ambient Energy Harvester product in a building energy 
management project sponsored by the U.S. Department of Energy. Other applications are cunently 
anticipated in many areas including automotive performance monitoring, homeland and military security and 
surveillance, biomedicine, and wilderness area and agricultural management. 

Heat-gathering and heat-rejecting subsystems, such as heat pipes containing condensable fluids, can be 
coiq)led to the "hof ' and "cold" surfaces of flie TE Energy Harvester (see Figure 1) to extend the thermal 
"reach".of the generator by several centimeters to areas where ten^erature differences may be larger than 
those found in the device's immediate environment. One or both sides of the generator can be heated or 
cooled by other heat transport methods such as conduction, convection, or radiation. Temperature differences 
of as litfle as 5'*C will activate the generator for useful energy output, and power production with even smaller 
differences (1 or I'C) is.possible. Larger temperature differences will produce correspondingly larger 
outputs. Additionally, the thermocouple can work both ways: i.e., if the "cold" side of the harvester is in the 
ground, the end exposed to air will be the "hot" side during the day. At night when the air is cooler, the 
thermocouple will still generate power, enabling power production around the clock. The TE generator can 
operate in extreme tenq)erature environments, as cold as -100°C and as hot as +250°C. 

The generator produces electricity as a result of the Seebeck effect, which is common to all thermoelechic 
devices. This effect direcfly converts heat into elecbicity by maintaining a temperature difference between 
junctions of dissimilar metals or p- and n-type semiconductors (Figure 2). The latter are preferred because 
they produce higher output per unit of temperature difference. As Figure 2 shows, heat available at the hot 
surface, Th, flows down both thermo elements N and P to the cold surface maintained at temperature Tc by a 
heat sink (i!e., a means of removing heat from the system). The difference in temperature causes a flow of 
electrons and "holes" (equivalent to positively charged electrons) which, in turn, develops a voltage across the 
electrically resistive load. This voltage causes current flow that delivers power to the load. A single junction 
of such materials is known as a thermocouple. The maximum output voltage (V) generated by a number of 
thermocouples (n) connected in series is given by: 

V = nSAT 

where S is the Seebeck coefficient of the couple (in volts/°C) and AT is the temperature difference 

(= Th - Tc in "C) maintained across flie thermocouple array. The Seebeck coefficient of the TE materials 

used in this product is about 300 microvolts/''C. 

To obtain useful voltages (^1 volt) from a TE generator exposed to small ten^erature differences requires a 
large number of thermocouples in the assembly. Conventional TE generators are assembled from discrete 
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elements as iUustrated in iFigure 3. Because they are freestanding, the practical ratio of length to cross-section 
(L/A) is typically in the range 10 to 30 cmf' as shown. Figure 4 shows the number of thermocouples needed to 
achieve various power output levels as a function of L/A for the bismuth telluride thermocouple system. The 
figure also plots lines of constant voltage. Voltages of 1 V or higher are needed to activate the sihcon-based 
semiconductors that power sensors and associated microprocessors and circuitry. Figure 4 shows that 
conventional discrete-element TE devices with L/A ratios under 30 cm ' cannot provide adequate voltage for 
such applications at typical ambient temperature differences. 

Because our thermocouples are deposited on a supportive substrate, we are able to make them extremely thin 
in conqjarison to their length, thus achieving the high L/A geometry of 1,000 to 10,000 cm' necessary to 
produce useful voltage outputs. Our thermocouples are composed of p- and n-type elements based on alloys 
of bismuth telluride and antimony telluride deposited as a thin fihn (<10 nm thick) on a polyimide substrate 
(see Figure 5). The deposition is conducted with high integrity in a clean noble gas (argon) environment and 
initially processed under high vacuum conditions. The thermocouples can be produced in strips of any length 
from a few centimeters to ~ 80 meters (~ 260 feet). 

The substrate provides a convenient way to handle and bundle large numbers of thermocouples. It also 
provides other benefits in terms of reliability and manufacturing simpUcity. It provides a continuous physical 
support for each thermocouple and the connections between the thermocouples, in contrast to conventional 
discrete-element thermocouples where connections for the brittle, upright thermocouples must be made as a 
separate step in the manufacturing process and the connections themselves are more fragile and susceptible to 
deterioration (Figure 6). Although our thermocouples are produced in a continuous strip, we connect them m 
both series and parallel. This redundancy protects against the failure of individual elements. Thus, if one or 
even a few thermocouples failed randomly in service, the TE generator would continue to supply a large 
portion of its rated current and voltage. 

the substrate does conduct heat that bypasses the thermocouple array, but this loss in efficiency is trivial in 
conqjarison with the substrate's value in enabling a thermocouple configuration that is much denser than is 
possible with freestanding discrete elements. And far from being an inefficient heat loss mechanism, the 
substrate, with its transverse thermal conductivity, actually helps "lock in" the temperature difference that 
activates the TE generator deposited on it. The loss of efficiency caused by the substrate would be a 
consideration in a TE generator designed for best possible energy conversion efficiency. However, such 
efficiency is much less significant at the low power ranges our product provides. In this case, we are not 
concerned about wasting energy because the "fiiel supply" (temperature differences in the environment) is 
essentially infinite. 
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lOA. Product's competitors: 

In general, the TE Ambient Energy Harvester's principal competition comes from other 

TE generators that could provide similar energy conversion functions Mid from electrochemical 

batteries, which our product is designed to replace. One other company (D.T.S.) has announced it 

has produced a thin-film thermocouple and Seiko histruments. Inc., has reported developing a 

micro-scale TE generator constructed from discrete-element thermocouples. 

D.T.S. (Thin Film Thermoelectric Generator Systems) GmbH Kothener Str. 34, D-06 1 1 8 

Halle, Germany. 

This company has demonstrated and published details of TE generators 
constmcted from thin films of bismuth telluride deposited on foils. No 
model number is evident. 
Seiko Instruments Inc., 563 Takatsukashinden, Matsudo-shi, Chiba 270-2222, Japan. 
Seiko Instruments Inc. has reported the successful development of a 
microscale TE generator that powers a wristwatch from human body 
heat. No model number is evident. 
Several manufacturers are producing thermoelectric devices; these differ dramatically from ours in 
their configuration. Theirs consist of discrete-element thermoelectric devices with low L/A ratios. 
These thermocouples are typically manufactured as heating and cooling elements. They operate in 
Peltier mode, which is the reverse of our product; electricity is sent through them to generate heat 
or cold rather than exposing them to heat and cold to produce electricity as ours does. Some 
manufacturers offer custom services to make their thermocouples power producers. However, the 
discrete element designs they use prevent them from achieving the high L/A ratios necessary to 
produce a usable amount of power at the low temperature differences that our design is able to 
exploit. 

Melcor Corporation and Ferrotec America Corporation are two examples of companies 
manufacturing conventional, discrete-element TE devices. Cited model numbers are representative 
of a large product range and are the units we evaluated during the development of our product. 
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MELCOR Corporation, 1040 Spruce Street, Trenton, NJ 08648 

• Model No. HT4-12-40. Dimensions: 40 x 40 x 4.1 mm; maximum operating 
temperature 225 °C 

. Model No. Hr3-12-30. Dimensions: 30 x 30 x 3.2 mm; maximum operating 
temperature 225°C . 
Ferrotec America Corporation, 40 Simon Street, Nashua, NH 03060 

• Model No. 95/00/007/01 8. Dimensions: 4 x 4 x 2 mm; maximum operating 
temperature 200°C 

• Model No. 95/02/065/018. Dimensions: 12.1 x 1 1.1 x 2.34 mm; maximum operatmg 
temperature 200°C 

Our thermoelectric ambient energy harvester is designed to replace batteries in low-power, 
long-life applications. The state-of-the-art of competitive batteries is represented by the following: 

Ultralife Batteries, Incorporated, 2000 Technology Parkway, Newark, NY 14513 
. Lithium-Manganese Dioxide Battery, Model UB2519 Voltage 3 V; Capacity 1300 mAh; 
weight 22 g; temperature range -30 to +72°C 
Hitachi Maxell, Ltd. 2-8-12, lidabbashi. Chiyoda-ku, Tokyo 102-8521, Japan 
. Lithium Thionyl Chloride Battery, Model ER17/50H Voltage 3.6 V; Capacity 3300 mAh; 
weight 20 g; temperature range -40 to +85°C 
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IOC. Product improvements: 

The TE Ambient Energy Harvester provides a zero-maintenance source of electric power for the 
lifetime of the application, generated right where it is needed. It enables wireless sensors to be 
essentially self-powered and replaces batteries and hard-wired alternative power solutions. 
Ambient harvesters are the ideal solution for powering sensors and monitors in remote, difficult-to- 
reach places and also in relatively accessible applications where the cost, reliability, and 
complexity of battery and/or hardwire solutions are not economic. Our product draws thermal 
energy directly from the local environment of the application using engineered heat gathering and 
dissipation components. This level of energy production and integration in the microwatt-to- 
milliwatt power range has been investigated by few commercial competitors. 
Technically, the closest competition to our product is the TE generator assembly reported in the 
literature by D.T.S. This device uses the same thermocouple system (bismuth telluride) as our 
product. D.T.S. deposits p- and n-type semiconductors on thin foils, an additional similarity. The 
contrast between the products is in the method and configuration of assembly. We assemble our 
generator as a continuous strip of series- or series/parallel-connected thermocouples deposited on a 
flexible supporting substrate. D.T.S. reports that they deposit thermocouples on individual flat foils 
and assemble these into a generator in a configuration resembling a deck of cards. This risquires 
delicate interconnections to be made between and across foil edges to connect all elements of the 
generator. We project that these interconnections add cost to the assembly and are vulnerable to 
damage, aging, and general deterioration. Our continuous strip configuration requires external 
connections only at its two terminal ends. A single strip constructed in our configuration can 
contain hundreds to thousands of deposited thermocouples without additional connectors between 
subsets. In addition, our thermocouples are deposited on a thin, flexible substrate with a thickness 
of only a few micrometers. This allows them to maintain adherence and connectivity when the 
strip is wound around spindles as small as 2 mm in diameter. This spooled configuration allows us 
to generate usable amounts of power (up to 100 mW) from tightly packed bundles of up to a 
thousand or more thermocouples with very small overall dimensions. D.T.S. offers services to 
prepare special materials to client specifications and to assist in research and development 
activities under contract. However, the TE generators they describe do not appear to be available 
as a line of cataloged commercial products with quotable prices. 

Seiko reports the development of a micro-scale version of a conventional TE generator composed 
of discrete bismuth telluride elements. They report the manufacture of several TE modules 
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containing between 102 and 250 thermocouple elements in sizes up to 3 x 3 x 1.3 mm. They also 
succeeded in integrating a yet-smaller TE generator into a wristvvatch and powering it with human 
body heat emitted through the skin. However, their TE generator is used to recharge a lithium ion 
battery in the watch. Thus it is not used as the sole power source, and their application remains 
vulnerable to the disadvantages of battery power that our product eliminates. PNNL's ambient 
harvester is designed to provide the sole source of power for remote and even unretrievable 
applications. While our concept also requires a form of energy storage to compensate for the 
moment-to-moment variability of an ambient energy supply, we favor and have demonstrated 
adequate carry-through using supercapacitors. Seiko claims to have marketed the TE-powered 
wristwatch in 1998; however, it does not appear to he a catalog item currently. 
PNNL's ambient harvester can tolerate a wider operational and storage temperature range than 
electrochemical batteries (-100 to +250°C versus -40 to +85°C) and has greater reliability than 
batteries because it derives its power from temperature differences in its environment (an 
essentially unlimited "fuel" source). It eliminates concern about battery reliability and avoids the 
cost and logistic difficulty of replacing batteries. Our ambient harvester's solid-state design and 
use of environmentally benign materials provide greater durability and safety and easier end-of-life 
disposal than are offered by electrochemical batteries. 

There are companies (e.g., Melcor, Ferrotec, etc.) that produce conventional TE generators for 
heating and cooling applications who offer custom services to design and build systems 
themiocouples to produce electricity. The conventional thermocouples these companies produce 
differ radically from ours in design and configuration, in ways that make their product more 
difficult to produce reliably, more suscephTjle to damage, and incapable of producing the power 
output ours can achieve with the same number of thermocouples. One conventional thermoelectric 
generator comprised of 100 discrete thermocouples would typically require at least 200 soldered or 
brazed connections. Because bur design consists of sputter depositing the thermocouples onto a 
substrate, connections between the thermocouples are achieved as part of the deposition process, 
so there are only two "external" connections - one at each end of the "chain" of thermocouples 
(and these are not adhered with brazing) - resulting in far fewer points or nodes susceptible to 
failure or aging and no chance of braze poisoning. 
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Specific integrated competitive power-producing products do not appear in the catalogs of oi 
companies. No off-the-shelf thermocouple assemblies are currently available that match our 
ratio and therefore the voltage output we are able to achieve with environmentally available 
temperature differences. . 
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IIA. Principal applications: 

The TE Ambient Energy Harvester provides 24/7, long-lasting power enabling the use of wireless 
sensors in remote, hard-to-access locations for detection, identification, monitoring, and 
diagnostics. Principal applications being pursued by PNNL with government and industry are 

• powering sensors for the future generation of smart buildings, particularly in the area of 
advanced energy management 

. providing the automotive industry an alternative to batteries for on-board condition sensors, 
diagnostics, and alarms in vehicles. 
In both areas, the applicability, performance, and life of wireless sensors are typically limited by 
battery characteristics and accessibility considerations. Even where a power grid connection is 
possible (as in buildings), the complexity dnd cost of the necessary wiring prohibit many sensor 
applications. Our product eliminates such constraints by cost-effectively providing a perpetual, 
autonomous source of electricity that can be integrated with the sensor. 

IIB. Other applications: 

The Ambient Energy Harvester' s small size and battery-free nature make it ideally suited for a 
wide range of applications in the rapidly growing area of wireless sensors: 

• Military - sensors for weapons proliferation control, battlefield operations, intelligence 
gathering, safeguards and security activities, etc. 

. Law enforcement - remote monitoring, surveillance, intrusion detection, movement sensing, 
material accountability, smuggling, etc. 

• Homeland security - inbiider sensing, detection, and alarming, border security, 
chemical/biological weapons detection in mailboxes, post offices, public transport, buildings, 
etc. 

• Hospitals -pathogen detectors in HVAC systems and corridors, patient monitoring 

• Agriculture - monitoring soil, water delivery, fertilizer and pesticide distribution, etc. 

• Wildlife management -backing threatened and endangered species 

• At-home health care - body heat activated prosthetics, monitors, and hearing aids. 

• Communications/convenience/vanity items - body heat-powered wristwatches, 
communication equipment, electric jewelry, cell phones, computers, etc. 

. Infrared/radar radiation detectors - used in a variety of civilian and military applications 

• Museums - humidity, heat, and light sensors 

. Safety - personal taracking devices for climbeirs, backpackers, children, pets etc. 



Thermoelectric Ambient Energy Harvester, Page 12 



Summary: 

Imagine pulling power out of thin air. PNNL's Thermoelectric Ambient Energy Harvester does just 
that. Incorporating a quantum leap improvement in thermocouple fabrication and assembly, the 
device is able to exploit naturally occurring temperature differences as low as 2°C. This product 
produces usable amounts of electric power to run wireless sensors and the radio frequency 
transmitters that send the data they collect to users anywhere in the world. 
Think of them as miniature power plants, producing electricity right where it's needed 24/7 with 
no batteries to replace, no fuel supply to worry about, no moving parts to fix, no transmission and 
distribution lines to maintain, and no polluting emissions to deal with. 
Its maintenance-free operation, tiny size, ability to tolerate wide temperature extremes, and 
capacity for powering radio transmitters, make the TE Ambient Harvester an ideal solution for 
powering sensors in remote or difficult-to-reach places and also in places where the alternative 
hardwire solution is not economic. The Harvester can power remote sensors that could alert a 
diabetic if her blood sugar's too high, tell a fanner if his field needs more fertilizer, sound an alarm 
if intruders have entered remote storage buildings, tell an HVAC system to open the damper in one 
office and close the damper in the next, alert a manufacturer to problems on a production line, 
power LED lights in remote third-worid villages, run anthrax and nuclear weapons detection 
sensors on railroad box cars and shipping containers, or track endangered gorillas. They could 
power airborne instrumentation, water pollution monitors on an alpine lake, vehicle sensors along 
a highway in the Iraqi desert, temperature monitors on your SUV's right rear brakes, or a tracking 
device on Fido's collar. 

There are literally thousands of uses for these tiny power producers. In volume production, their 
cost is likely to be low enough to allow their use even in vanity items and toys. 
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aon project sponsored by the U.S. Departmeat of Energy. 

Pros & Cons of Wireless 

By Michael Kintner-Meyer. Ph.D.. Member ASHRAE, and Michael R. Brambley. Ph.D.. Member ASHRAE 

The proliferation of cell phones, wireless computer networking, and need for mobility in building control re- 
. . . 1 • *u„ I,,* mains limited. This means that wireless 

Wireless personal digital assistants has been phenomenal in the last ^^^j^^^^^^jgigg ^^34 compete predorai- 

few years. However, the building controls industry has not yet seen „antly on flie basis of cost. 

many wireless devices deployed in the field. Experts agree that the . . ^ ^ , . 

' 11 L J r< Wireless Technologies 

driver for deployment of wireless sensors will be cost advantages ana commercially available generic wire- 

the flexibility to relocate thermostats and sensors as the interior build- less data acquisition hardware can be 

ing layout adapts to the changing needs of the tenants and occupants.' used for sensing conditions inbuildings 

For any new technology to penetrate the justify the same cost as the technology to About the Authors , ^ , 

marketplace.iteithermustbesignificantly be replaced. While mobility is a cornpel- 

less expensive than the existing technol- ling driver for the impressive inroads 01 ^^^^^ ^^^^^ Laboratory. Richland. Wash., 

ogy, or it must have additional features wireless technologies in the communica- operated for the U.S. Department of 

that provide a competitive advantage and tion and computer networking markets, the Energy by Batteiie Memorial institute. 
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and HVAC systems. Wireless computer networking hardware 
components also can be adapted for sensor data collection 
for buildings. The essential components of a wireless data 
acquisition system (Figure 1) include: sensors; signal condi- 
tioners to convert the sensor signal to a sufficiently strong 
and clean digital signal; a transmitter for each sensor, for 
each signal conditioner, or shared by several signal condi- 
tioners; repeaters when needed; a receiver; and a connection 
to a processor where data are analyzed or processed using 
control algorithms. 

Transmitters may be powered by electrical wiring in the 
building or by battery, depending on the availability of elec- 
trical connections at sensor locations. In addition to wireless 
data acquisition components, wireless systems specifically for 
building applications are beginning to emerge. 

An informal survey of vendors of wireless data acquisition 
equipment found that receivers range from $300 to $1 995; trans- 
mitters cost $68 to $1775 and repeaters cost more than $250. 
Generally, costs are higher for wireless technology that commu- 
nicates over greater distances and uses more sophisticated sig- 
nal encoding to ensure successful signal transmission. Of the 
components, receivers generally are the most expensive. How- 
ever, one receiver might serve many transmitters. 

Maximum transmission distances range from as little as 30 
ft (9 m) to as much as many miles. In general, interference is 
overcome and transmission distances extended by the addi- 
tion of signal repeaters. When manufacturers configure wire- 
less components into application-specific systems, often the 
costs of the integrated systems are lower than the sum of the 
costs for the individual components (except for highly spe- 
cialized applications). 

Two demonstration systems that apply existing radio fre- 
quency (RF) wireless technology to building and HVAC moni- 
toring (and ultimately control) are described in the section 
that follows, along with a comparison of their costs and the 
costs of similar wired systems. 

Demonstration Projects 
In-Bulldlna Central Plant Retrofit 

The demonstration building is a three-story heavy steel- 
concrete office building with a total floor area of about 70,000 
ft^ (6500 m^). It is located on the campus of Pacific Northwest 
National Laboratory (PNNL). The HVAC system consists of 
central cooling, boiler, and ventilation system with 100 vari- 
able-air-volume (VAV) boxes. The building automation sys- 
tem (BAS) controls the central plant and the lighting system. A 
wireless temperature sensor network with 30 temperature trans- 
mitters was installed to measure zone-air temperatures. The 
zone-air temperatures then are used as input for a chilled-water 
reset algorithm designed to improve the energy efficiency of 
the centrifugal chiller under part-load conditions and reduce 
the building^ peak demand vnthout significantly increasing 
the energy use by distribution fans. 
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Figure 1: Primary components of a generic wireless radio 
frequency data acquisition system. 

Wireless Temperature Sensor Network 

The wireless network consists of commercially available 
wireless temperature sensor technology including 30 battery- 
powered temperature transmitters, three repeaters, one receiver, 
and the beta version of the "Translator," a new product for 
integration of wireless temperature sensors with another • 
vendor's wired building automation network. 

The operating frequency of the wireless network is 902 to 
928 MHz, which requires no license per FCC Part 1 5 Certifica- 
tion.^ The technology uses spread spectrum frequency hop- 
ping techniques to enhance the robustness and reliability of 
transmission. The transmitter has an open field range of 2,500 
ft (760 m) and is battery-powered with a standard 3-volt LiMnOj 
battery with a nominal capacity of 1,400 mAh. The manufac- 
turer estimates a battery life of up to five years with a 10-minute 
update rate. The transmitter has a battery test procedure with 
low-battery notification via the wireless network. This feature 
alerts building staff of the approaching end of the battery life 
through the building automation system. The repeater is pow- 
ered by 120 Vac from the wall outlet with a battery backup. 
There are three repeaters, one installed on each floor. Because 
the repeater is line powered, the repeater operates at high power 
and provides up to 4 miles (6 km) of open field range. The 
receiver and the translator are installed in the mechanical room. 
The translator connects the receiver to the BAS bus. 

An engineer performed an RF field strength survey for the 
building, in about four hours. The result of the RF survey was 
the recommendation of three repeaters, one for each floor of 
the building. 

Wireless Sensors for Diagnostics 

When the building engineer of the PNNL office building, was 
notified of heat buildup in the cafeteria's kitchen, he taped a 
wireless temperature sensor into the conier at the trouble spot. 
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2: Demonstration of wireless rooftop data acquisition. 

He monitored the temperature trends over a 4ay, which showed 
that the original, wired temperature sensor for this zone was too 
far away from the trouble spot and tiiat it, therefore, did not 
register the problem. He reprogrammed the EMCS to control for 
a weighted average of the original wired and the new wireless 
temperature measurements and, thus, solved the problem. 

Rooftop Unit Application 

The second part of the wireless project focuses on configur- 
ing, testing, evaluating and demonstrating wireless technol- 
ogy for use with packaged rooftop HVAC units. A system built 
from generic commercial components is shown in Figure 2. 

Using wireless RF technology to collect data from pack- 
aged rooftop HVAC units relaxes some of the demands im- 
posed by in-building applications of wireless communication. 
Equipment can be physically located so direct lines of sight 
are preserved and obstructions minimized. By positioning 
antennas above the roof, all transmitting antennas can "see" 
their corresponding receiving antenna. As a consequence, lower 
transmission power can be used, greater sources of interference 
can be tolerated, and communication protocols with less so- 
phisticated means for ensuring reliable data transmission can 
be used. As a result^ system and component costs likely are 
lower for rooftop wireless data acquisition than for in-building 
systems. Electrical power for data collection equipment gener- 
ally can be provided at the packaged unit by tapping into the 
electrical povrer supplied for the HVAC unit. 

Cost-Effectiveness 

In-Bulldina Temperature Sensor Example 

The cumulative wiring distance for all of the temperature 
sensors is about 3,000 ft (900 m), with the majority of wiring 
being loose in-plenum. Sensor connections are assumed to be 
18 AWG cable costing approximately $0.07/ft with a labor 
cost for installation of $1.53 per linear foot of wiring.' The cost 
comparison is shown in Table 1. 

For simplicity, the labor cost for battery change-out, expected 
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$1,500- 
$5,900 
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$1,950- 
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' Temperature sensors each with an integrated transmitter; ^ Includ- 
ing labor for installation; ^ Including conduit; * Included in cost of 

wiring; ^ Including installation of conduit. 

Thble 1: Cost comparison ofwiredandwirelesssensorsystems 
fori) a 30-sensor in-building temperature sensornetwork and 
2) monitoring of three packaged rooftop HVAC systems. 



to occur every five years, is not included in Table i. This activ- 
ity can be estimated at about $300, assuming a battery cost of 
$3 per battery and two hours (at a rate of $100 per hour) of 
labor or just under $10 per sensor for replacing 30 batteries. 

The wireless system for this in-building temperature sensor 
application is about 5% less expensive than a wired solution. 
The estimates in Table 1 have considerable uncertainties in 
the assumptions for the installer markup for the wireless sys- 
tem and the wiring cost for the comparable wired-system lay- 
out for the demonstration building. The results of this 
comparison suggest that the wireless system can be a cost- 
effective solution. In practice, such a wireless system may range 
from being cost-effective to marginally cost-effective and po- 
tentially slightly more expensive than a wired system because 
of differences in the number of sensors and individual compo- 
nent costs. One of the advantages of the wireless network is 
that it can be easily extended with additional temperature sen- 
sors for the incremental cost of one temperature transmitter. 
This system can be configured for up to 100 transmitters. In- 
stallations with more than 100 temperature sensors require 
additional receivers and translators. 

Rooftop Unit Data Acquisition Example 

To compare costs of current technology for wired and wireless 
data acquisition systems for rooftop packaged HVAC units, we 
consider an arbitrary rooftop configuration consisting of three 
separate units, which would require 100 ft (30 m) of wiring and 
conduit for conventional wired networking. For each unit, four 
sensors are installed: four temperature sensors (for outside air, 
return air, mixed air, and supply air) and one indicator of the on/ 
off" status of the supply fan. These particular measurements can 
be used to detect problems with the airside of the units. 

Table I shows system costs for a wired base case and ranges 
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Figure 3: Competitiveness of wireless 
sensors aad data acquisition systems 
compaTedtowiredsystems.PointA(cost 
ratio=OJ) represents the cost competi- 
tiveness of a wireless system in a retrofit 
case with no repeaternecessary. Point B 
(cost ratio=0.9) represents the cost for a 
building with high attenuation charac- 
teristics, requiring 10 repeaters. Points C 
(cost ratio=1.0) and D (cost ratio=2.9) 
represent tiie corresponding costs for new 



Linear Feet of Wiring 

of costs for wireless systems configured from commercially 
available components. Key cost differences between the wired 
system and the wireless systems are attributable to the com- 
munication components. For the wired case, cable and con- 
duit must be installed to each HVAC unit. For wireless systems, 
that cost is eliminated, but there is the cost of the transmitters 
and receivers. In addition, laying the conduit and wire gener- 
ally requires more labor. 

The results show that low-cost wireless data collection has 
cost advantages over wired data collection. High-cost wireless 
solutions are not cost competitive with wired data collection. 
These results apply, however, only to the particular configura- 
tion chosen. The results illustrate that the cost of the specific 
wireless system is critical for economic application of wireless 
data acquisition given todays prices. 

Cost Comparison of Wireless and Wired System 

We define the cost effectiveness as the ratio of capital cost 
for a wireless system over the capital cost of a wired system 
(Cost^^/Cost^Ji. A ratio of less than unity indicates that 
wireless technology is more cost effective. 

The cost of the wired system depends primarily on two key 
factors: 1) the degree of difficulty to route the wires and to 
meet code requirements prescribing shielding and wire sup- 
port and 2) the distance. In general, the installation of wiring 
in new construction is less difficult because of the relatively 
easy accessibility to routing channels. 

The key drivers for the cost of wireless systems are the sig- 
nal attenuation and signal to noise ratio for the transmission. 
In general, the higher the attenuation is in a building, the 
greater the number of repeaters required. We estimated the cost 
for integrating wireless sensor systems into a wired building 
automation system (or DDC system) at $500. 

The cost-effectiveness ratio {Cost^^/Cost^ is then a 
function of distance, installation type (retrofit vs. new con- 
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struction), and number of repeaters. Figure 3 shows this rela- 
tion. Points A, B, C, and D in Figure 3 represent different cost 
ratios at a constant length of 3,000 ft for the wiring. For the 
retrofit example, we establish a wiring cost of $6,600, assum- 
ing a cost per linear foot of $2.20 including wires. For new 
construction, we assumed a reduced wiring cost (because of 
easier access) in the amount of $2,010 for a cost of $0.67 per 
linear foot. For the wired system, we assume that wiring con- 
duits already exist and thus, the wiring cost excludes the cost 
associated with installing conduits. Point A (cost ratio=0.3) 
represents the cost competitiveness of a wireless system for a 
retrofit with no repeater necessary. Point B (cost ratio=0.9) 
represents the cost for a building with high attenuation char- 
acteristics, requiring 10 repeaters. Corresponding costs for new 
construction are represented by Points C (cost ratio=l .0) and D 
(costratio=2.9). 

While this cost-effectiveness analysis is simplified, it il- 
lustrates the sensitivity to key drivers for wireless technolo- 
gies in HVAC applications. It indicates that early adopters of 
this technology most likely will implement wireless devices 
in existing buildings that do not pose difficulty in transmis- 
sion of the RF signal. Likely applications include rooftop 
connectivity with line-of-sight transmission and applications 
in light construction that do not require repeaters. Wireless 
technologies in new construction are not yet commonly com- 
petitive. Solely battery-operated wireless sensors currently 
do not achieve the performance of wired sensors with respect 
to update frequencies. With lower costs for v^reless technol- 
ogy and increased availability of products for interconnect- 
ing wireless with wired systems, wireless technologies may 
become an attractive solution for coexisting with and aug- 
menting wired HVAC control networks. 

Using Wireless Sensors for HVAC 

This section provides some practical tips for adopting wire- 

ASHRAE Journal 57 



ASHKAEJCDOTud® 



less technologies for buildings, with some specific recommen- 
dations for rooftop and in-building applications. 

General 

• Wireless product offerings are available, and new products 
are emerging. Search the World Wide Web (e.g., for wireless sen- 
sors, wireless HVAC, wireless control) to find available products. 

• Costs vary broadly, iand specific component or system 
choices can affect greatly whether the wireless alternative is 
cost competitive wath a wired system. 

• Few wireless systems provide products for integrating wire- 
less sensor networks with commonly used HVAC DDC and 
building automation systems (BASs), but some are beginning 
to emerge. Ask your controls vendor about wireless technol- 
ogy; some offer it directly 

• Wireless technology costs are likely to decrease with more 
market penetration. We are expecting greater price reductions 
in wireless technology than what is common in the rest of the 
DDC industry. 

In-Bulldinq Applications 

• Consider investing in a wireless network that covers the 
entire building. Once you have a wireless network, the incre- 
mental cost of additional sensors is only the cost of the sensor 
with little setup cost. 

• Integration into existing DDC systems is necessary to use 
sensor data for controls in a DDC system. Find out what data 
items are transported from the wireless into the wired system. 
For instance, for battery-powered transmitters, are low-bat- 
tery indications reported to the wired system and integrated 
into the alarm features of the existing DDC system? Particu- 
larly if there are hundreds of battery-powered sensor nodes, 
low-battery alarming is important for maintaining the vrire- 
less sensors. 

• Inquire about extendability of the wireless network. As the 
building undergoes internal changes, an additional repeater 
may be needed to cover newly constructed space. Wireless 
technologies should be easily extendable by adding additional 
repeaters and sensors with minimal setup. 

• Consider using wireless data collection first for applica- 
tions where the cost of wired data collection is high. This is 
likely in existing buildings, where installation of wiring is 
expensive (e.g., it requires running wiring in conduits on the 
surface of walls or opening up existing walls). 

• Storage buildings that do not have their own BASs but that 
need to be monitored are candidates for wirelessly connecting 
to the BAS in a nearby building or at least monitoring in the 
control of a nearby building. 

• Batteries in battery-powered transmitters need to be re- 
placed periodically. Battery life may be five to 10 years, de- 
pending on the firequency of transmission. Although low in 
some cases, this cost should not be neglected in evaluating 
wireless sensing as an alternative to wired. 



• Sensors mounted using Velcro or double-sided tape can be 
moved by occupants. The authors have not encountered this 
problem, but it is a possibility. Where this is a concern, more 
permanent mounting techniques should be considered. 

flboftop UriltAoollcatlons 

• Determine objectives before laying out the wireless sys- 
tem. Are you collecting data to monitor performance of the 
unit, looking for faults in components, or providing control? 
Select sensors and components accordingly. 

• Select the wireless components carefully to match the needs 
of the application, the environment in which the system will 
be installed, and consider component costs. 

• Consider future expansion of your wireless networks and 
make sure that additional rooftop units can be added to the 
wireless network without redesigning the entire network. 

• Ask the vendor, when possible, to conduct a field strength 
survey to enable you to select optimal positions for antennas 
and repeaters. 

• Find someone experienced in design and installation of 
similar wireless installations to design the system for your 

consideration. 

Other HVAC Applications 

- Temporarily installed sensors can be used to diagnose 
suspected problems or occupant complaints. If a wireless sen- 
sor network is already installed, adding sensors is easy and 

inexpensive. 

• Wireless sensors can be installed temporarily during sys- 
tem and equipment commissioning to provide data at poteii- 
tially lower cost than wired sensors. After commissioning is 
complete, these sensors can be removed for reuse at other sites. 

• Temporary addition of a wireless sensor near an existing 
sensor can be used to check the performance of an existing 
sensor to determine whether it needs to be recalibrated or 
replaced. 

• Wireless sensors can be removed easily and updated upon 
failure or when a better sensor becomes available in the future. 

• Additional types of sensors can be added to a wireless 
sensor network without running wire and conduit. For example, 
wireless CO^ sensors might be added for a retrofit of demand- 
controlled ventilation. 

Future Trends 

While the mobility feature in conventional commercial 
HVAC control applications may remain limited, at least for 
the short-term, the cost avoidance for wiring likely will be 
the key selling point of wireless technology. The earliest adop- 
tion of wireless technology is expected to occur in retrofit 
applications, where the technology extends existing wired 
control networks to places where there are no control-net- 
work cables. This includes, for instance, opportunities for 
one-way or two-vray connectivity among packaged rooftop 
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units with line-of-sight transmission, permanent or tempo- 
rary indoor-air monitoring, monitoring of remote equipment 
(e.g., water pumps, cooling intake valves), and control of 
outdoor lighting. 

The first wireless installations are expected to be monitor- 
ing applications that are not time critical and require only 
one-way communication. Control applications are likely to 
be limited initially to open-loop control ftinctions, such as 
turning equipment on or off. Some closed-loop control ap- 
plications are compatible with current wireless communica- 
tion; others requiring high update frequencies (e.g., less than 
a second) pose higher transmission robustness requirements 
and, therefore, are particularly incompatible with current bat- 
tery- powered wireless sensing. This presents a challenge for 
future development. Primary drivers of cost reductions will 
be optimization of design and manufacturing of RF technol- 
ogy components and further integration of sensing, signal 
conditioning, and RF communication modules so they can 
be mass manufactured at lower cost. 

Technological challenges for closed-loop control applica- 
tions with high update frequency requirements still remain for 
battery-powered devices requiring technological advance- 
ments in power management, ultra-low power electronics, and 
usage of ambient power sources and power scavenging. 

As with the advent of television (when many feared it would 
replace radio broadcasting), it is unlikely that wireless tech- 
nology will replace wired HVAC controls. A more likely sce- 
nario is that it will complement the conventional wired controls 
technology where it makes economic sense. Significant re- 
ductions in cost for wireless sensing will lead to greater use of 
sensors in building applications, which in turn will lead to 
better control and maintenance of systems that will improve 
the overall energy efficiency of the building stock and pro- 
vide healthier and more productive workplaces. 
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Funding Profile 

FY.2001Cost: $29.9K 
FY 2002 Cost: $65.0K 

This project will investigate the feasibility of constructing a power source for small portable electrical 
devices that will convert heat energy from the environment into electricity. This power source could 
serve as a "lifetime battery" for small electrical sensors and other devices. 

Project Description 

Performance and life of wireless electrical devices are typically limited by the operating characteristics of 
the batteries or other stand-alone power supplies they require. Even where grid connections are possible, 
the complexity and cost of the necessary wiring prohibit many applications. The concept under 
development eliminates such constraints by converting heat energy of the environment directly into 
electricity as an integral function of the device. This project investigates the feasibility of constructing an 
ambient energy harvesting and conversion device incorporating a miniature thermoelectric generator and 
an associated heat management system to power small electrical devices. A further developed version of 
the expectedproduct would be able to power electrical loads in the 50-microwatt to 500-milliwatt range at 
3 to 12 volts. This level of power demand is typical of many small sensors, remote monitoring and 
surveillance devices, actuators, and other lower-power programmable appliances. The proposed concept 
converts ambient heat into electricity and exploits natural temperature differences in the air or any media 
surrounding the application. Such a product would enable the lifetime deployment of ambient-powered 
applications for unattended operation in remote areas without the need for maintenance and connections 
to an electrical supply or other logistic support. The concept also has application potential as a means of 
powering wireless sensors and diagnostic devices in energy-smart buildings. 

Introductioa 

The objective of this work is to develop proof-of-concept experiments to demonstrate that direct 
conversion of thermal energy associated with naturally occurring ambient temperature differences into 
electric energy could provide perpetual power for sensors and remote devices. For several years, we have 
recognized the potential of scavenging free energy from ambient sources to energize devices with modest 
electric power demands. We have evaluated many sources of ambient energy including radio waves, 
electric power lines, wind, water solar, and human power pe Steese et al. 2000). These studies have led 
to the design of miniature power generation and storage packages with electric output levels ranging from 
microwatts to hundreds of watts. Recently, our scientists realized that a conventional thermoelectric 
generator could be configured to exploit the nearly perpetual difference of temperature that exists across 
some boundaries (betiveen earth and ambient air, and inside and outside heating, ventilation, and air- 
conditioning ducts in buildings). In these environments, the characteristically low efficiency of 
thermoelectric concepts can be tolerated because the heat capability of the source is essentially infmite 
compared to tiie relatively small amount of elecfaic energy required for microwatt- to milliwatt-level 
power applications. 



Results and Accomplishments 

Effort in FY 2002 focused on the development and demonstration of a breadboard assembly representing 
a complete ambient-powered sensor system. This assembly comprised the thermoelectric generator^heat 
management subsystem, power conditioning electronics, sensor, and radio frequency transmitter. These 
system components were developed and demonstrated in the laboratory and in an outdoor environment. 
Figure 1 is a block diagram showing the components of the system and the three mdependent 
development phases employed. 

The interfaces between the thermoelectric generator and the sensor were engineered in the laboratory as 
represented in Configuration a of Figure 1. In this step, ambient heat input to the. thermoelement was 
simulated using a hot-air gun for convenience. Under simulated ambient conditions, the mtnnsic voltage 
output of the thermoelectric device is only a few hundred millivolts. This voltage must be amplified to at 
least 3 6V corresponding to the voltage normally supplied by a lithium battery to power the radio 
frequency components. Because the thermoelectric output voltage is too low to activate sihcon-based 
electronic power conditioning, a voltage amplifier using germanium transistors was employed to provide 
a 4 2-V output to the balance of the system. A supercapacitor was introduced to store energy so that the 
radio frequency stage would operate regardless of fluctuations in ambient conditions that affect the output 
of the thermoelectric converter. The final element in this test assembly was a resistive load box used to 
simulate the energy drain required to operate the sensor and radio frequency tag. This load was manually 
switched on for periods of about 10 seconds at a frequency representing the transmission cycle of the 
radio frequency tag to drain the equivalent of the total sleep-mode, data acquisition and storage, and 
transmission energy consumed in each cycle. By respectively heating and cooling the hot and cold shoes 
of the thermoelectric converter and applying the load periodically as indicated above, the thermoelectnc 
generator vras shown to be capable of maintaining capacitor voltage and thereby supplying the energy 
drain of a simulated temperature sensor and radio frequency tag that transmitted data every 10 minutes. 

The balance of the system was developed as shown in Configuration b of Figure 1. In this setup, a 
conventional regulated laboratory power supply was substituted for the thermoelectric converter and 
voltage amplifier to permit customizing the sensor and radio frequency subsystem. The sensor and 
transmitter were adapted from a Pacific Northwest National Laboratory-developed radio frequency tag 
that measures, stores, and transmits environmental temperatiire and shock data. The tag was modified to 
retain only the temperature measurement function and was reprogrammed to draw less energy than its 
unmodified counterpart. A voltage regulator circuit was added to prevent draining the capacitor to a 
voltage that would be too low to maintain microprocessor fimction. An external switch was added to 
isolate the battery normally required to operate the radio frequency tag. The tag includes a 
microprocessor that must be programmed before operation. The battery is needed to maintain the 
program whenever the power supply or the thermoelectric element is not connected. Testing this 
configuration involved first using the battery to "launch" the program, then isolatmg it after power was 
available from the altemative source. A remotely located receiver was used to confirm data fransmission. 
The test sequence using Configuration b established that frill frmctionality of the sensor and radio 
frequency stage could be maintained when the laboratory power supply provided an mput to the 
supercapacitor equivalent to the thermoelecfric output characteristics measured with Configuration a. 

The complete system concept was demonstrated in the laboratory and in an outdoor environment using 
Configuration a and the combination of Configurations a and b as indicated by the jumper connection 
from the voltage amplifier in a to the supercapacitor in b. Figure 2 displays supercapacitor voltage plotted 
against time measured with Configuration a outdoors with solar input to the hot shoe of the thermoelectric 
generator and a heat sink in earth connected to the cold shoe. These records show the ability of fte 
thermoelectric generator to recharge the supercapacitor (i.e., maintain a voltage in excess of 3.6 V) it a 
temperature difference greater than about TC exists across the device. At the same time, the capacitor is 



supplying the demand of the sensor and radio frequency tag system transmitting data every 10 mmutes. 
Failure to recharge the capacitor was evident when the temperature differential was less, as illustrated by 
the record at 4°C. The voltage steps at 10-minute intervals shown by the successful recharge 
characteristics represent the approximately 20-mJ energy drain associated with the evaluated load cycle. 
The 9.9°C record shows the concept's ability to ride through variability in ambient energy input as 
illustrated by the slower rate of recharge during a 10-minute interval (between 30 and 40 minutes) when 
clouds temporarily reduced solar energy input. 

Summary and Conclusions 

A complete system breadboard that validated the concept and achieved the other objectives of this work 
was developed and successfully demonstrated in FY 2002. The effort confirmed indications obtained 
earlier in the project that thermal energy can be readily harvested from a natural environment and 
converted thermoelectrically into a maintenance-free and perpetual source of power for small electrical 
appUances. These include sensors, radio frequency tags and transmitters, remote monitoring/surveillance 
devices and actuators, and other low-power programmable appliances requiring power in the range from 
tens of microwatts to hundreds of milliwatts. The breadboard system contained all the components 
needed in a fully functional system including the provision for energy storage to compensate the 
variabiUty of ambient conditions. This work provided insights into the design and development of 
derivative thermoelectric energy harvesting systems that can be simpler, more compact, and inexpensive 
to manufacture. 
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Figure 1. Component and test configurations 
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Figure 2. Solar-heated 40-nim Bi-Te thermoelectric generator sustaining supercapacitor charge under 
simulated 10-minute load cycle conditions 
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Concept Fundamentals 



► Small ambient temperature differences occur spontaneously across 
natural and artificial boundaries 

► Thermoelectric (TE) devices convert heat into eiectrlcltv and vice 
versa but are typically too thin to exist In more than a single 
temperature environment 



► Heatpipes connected to a TE converter extend the "reach" of hot and 
cold shoes to regions of different temperatures 

► A small AT In a medium with high heat content is sufficient to produce 
pW's to mWs regardless of TE converter efficiency 



Battelle Proprietary 



.5. ncpjilitnT.l of fncrgy 2 




Sensors Powered by 
Ambient Thermal Energy 



Thermal energy scavenged 
from abundant ambient 

Device is rugged, light weight, 
suitable for field or facility use 



Perpetual power for life of 
application 

Independent, maintenance-free 
electric power for wireless 
sensing, surveillance, remote 
actuators and communications 
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Achievements in 2001 

Mapped operational regime of Bl-Te 
converters with incident lieat flux up to 10 
W/cm2 

► Assembled and tested heat pipes attached to 
40-mm square Bi-Te Melcor elements 

► Demonstrated power output up to 300 /yW 
with AT < 6°C 

► Measurable power demonstrated from In- 
ground deployment simulation 
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Achievements in 2002 



► Investiqated L/A advantages with commercial 
converters 

► Demonstrated TE generator/dc-dc inverter 
interface 

► Adapted rf tag to provide balance of system 

► Developed and demonstrated integrated 
system in the laboratory 

► Demonstrated power generation in natural 
environment 
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i-Te Performance Maps for Q|„= 1 W/cm^ 



= 1 W/ctC KbO = aOI W/Ooifi) (Qn = 1 W/onZ. Wos» = 0.01 W/C/onZ) 
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View Inside Box Containing Voltage 
Inverter, Regulator, RF Tag, Sensor and 
Transmitter 
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boratory Charge Sustainability Test 
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Size Comparison Between Tliin-Film 
and Discrete Element TE Generators 





Thin Film Semiconductors For 
TE Power Generation 



Approach 



• Sputter Deposit BijTej/SbjTeg 
Alloys on Plastic 



Have Developed Processes 
for N- and P-Type Films 



Fabricated Two Prototypes for 
Ambient Energy Applications 
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First Generation System 



• BiTe-SbTe array deposited by 
RF magnetron sputtering 

• Both N- and P- thermoelements 
are 1.5 mm wide, 1 cm in length 
and 2 #/m thick 

• First generation involved 
deposition of 6 thermocouples on 
2-inch strips of plastic 
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First Generation (Cont) 



•Temperature distribution 
determined with IR Camera 

•Measurement of temperature 
difference across TE elements 
established performance was 
as predicted 

• 18 Thermocouples with AT = 6 »C 
Gave Voc = 33.0 mV - thus each 
thermocouple provided 0.305 mV 



AT^e-c 



^Temp Diff=6°C 



Voltage (mV) 
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Second Generation Device 



• Adjusted film dimensions to 
achieve larger current 

and voltage 

• Prototype used 14 strips of 
9 thermocouples - 126 TCs 

• Element lengths are 7.4 mm, 
P- and N- widths are 3.2 mm ai 
5.3 mm, respectively 
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Programs In Thermoelectrics 



DOE Program 

Title: Process Scale-Up For High Efficiency TE Superlattices 
Objectives: Develop Approach For Sputter Deposition Of Si/SiGe 
And Other Superlattices At Low Cost And High 

Volume 



Other Activity 

• Use Thin Film Bi-Te/Sb-Te Materials To Fabricate Low 
Power Batteries 

• Investigate Use Of Thin-Film TE Materials For Cooling 
Silicon Microelectronics 
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Approach To Sputtering Thin Films 




• Have several 1-m box 
chambers for RF miagnetron 
sputtering 

• Can deposit from 3 targets 
simultaneously or sequentially 
to form alloys or multilayered 
film structures 




(Front View) 
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Approaches To Scale-Up 




13 




Thermoejectrics: Approach/State-Of-Art 



Convert Heat Directly To Electrical 
Power With P- And N-Type 
Semiconductors 
Key Parameter Is Figure-Of-Merit: 
ZT = S^oT/k (Dimensionless) 
Advanced TE Materials Will Allow 
Production Of Microwatts To 
Kilowatts With Efficiencies > 15% 
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Thermoelectric Figure of iMerit 



The Figure-Of-Merit (ZT) 
was e ssentially pegged at 
-1.0 from 1960 to 1995 



Since 1995. ZT values 
have b een estimated for 
thin film materials to be 
significantly greater than 
1.0 




1930 IMO I9M t9S0 19T0 1980 1990 2II00 2010 

Figure Of IVIerit 
Improvement witii Time 
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Scale Up Based on DOE Program 



Have developed approach 
to sputter deposit Si/SiGe 
superlattices 

Supeililtice - 

" Approach developed to 
grow structures rapidly 
and on 12 3-inch Si wafers aufferujw- 
simultaneously 



■ Films exhibit good TE 
properties 



Si/SiGe Superlattice On Silicon 
Battelle Proprietary p«inc nomi™«i Nai»n,^^^^^^^^^ 
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Fiscal Year 


Total Project Funding - 4 Tasks 


FY '04 


$320K 



Task 1: Wireless Monitoring and Diagnostics: Low-Cost Wireless 
Current and Power Sensors 



Funding 



^'iscal Year 


DOE 
Funding 


SCE 
Funding 


SCE 
In-Kind 


FY04 


$70K 


$75K 


TED* 



*To be deteraiined. 



Background 



Objective: The objective of this project is to develop and field demonstrate low-cost wireless 
current and power sensors. The project extends the project started in FY03, which developed and 
demonstrated a wireless sensor for single-phase power measurement. The single-phase meter 
prototyped in FY03 will be field tested in collaboration with a large utility company. A wireless 
electrical power and current sensor for 3-phase power will be designed, built, and tested, also in 
collaboration with the utility. 

Motivation: Energy audits and commissioning of buildings and facilities, fault detection and 
diagnostic (FDD) tools, as well as advanced controls for optimal energy efficiency operations and 
load responsiveness require information about power consumption of electricity-consuming 
equipment. Facility and building managers in the past have been reluctant to invest in power 
meters because of their high installed cost. This task will address this impediment to the 
deployment of end-use metering, automated diagnostics, and advanced controls by designing, 
building, and testing prototypes of a low-cost wireless power meter and a low-cost wireless 
current transducer. 

Availability of inexpensive cunent and power sensors that can be monitored centrally (e.g., in a 
control room) will enable measurement of electrical loads in commercial buildings cost 
effectively. This technology will enable billing of individual tenants for excessive power 
consumption, enable real-time monitoring of electrical power end-uses, and provide a basis for 
automated monitoring and diagnostics, which will then lead to more efficient building operation. 
Three-phase power is commonly used in commercial buildings for equipment of higher power 
ratings, such as packaged HVAC units, chillers, fans, and pump motors. Currently-available 
meters used for end-use metering in buildings are too expensive to install, generally require visual 
inspection to collect data, and are used infrequently and only for a small number of loads, thus a 
need exists for low-cost, easy-to-install, easy-to-monitor, sensors specifically for 3-phase power. 

Furthermore, some utilities have equipment loaning programs that enable commercial and 
industrial customers to monitor electricity use over a few-week period. Customers have difficulty 
installing conventional monitoring and logging devices. Wireless monitoring shows the potential 
to simplify the installation process for utility customers borrowing equipment. Another problem 
found in such equipment loan programs is the poor condition in which equipment is often 
returned. Wires can be a tangled mess and sometimes equipment is damaged. By eliminating the 
wires, one of these problems can be prevented. By ruggedizing, equipment damage could also be 
reduced. Southern California Edison (SCE) has indicated an interest in collaborating with DOE 
and PNNL on this project, providing funding and in-kind contributions to support developing the 
software and field testing the resulting technology. The software will help users with installation 
of wireless end-use power monitoring hardware and enable display/use of the collected data. If 
the technology satisfies SCE's performance needs in the field, the company would likely become 
the fnst major user of it. 
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Abstract 

The product of this effort will be a nominally 330-//W thermoelectric (TE) battery 
with a direct current (DC) output of at least 100 //A at 3.3 V. This output will be 
achieved with a temperature differential of 20^0 or less when the device is 
deployed to harvest thermal energy from a natural environment. The specific 
deployment orientation will be with the hot side receiving heat from free air and 
sunlight, and the cold side coupled to dry soil as deep as 20 cm. This device will 
employ novel, PNNL-developed, thin-film TE elements that develop volt-level 
outputs directly without electronic power conditioning. 

Background 

For several years, PNNL has explored the potential of scavenging free energy 
from ambient sources to energize devices with modest electric power demands. 
Many sources of ambient energy have been assessed including radio waves, 
electric power lines, and wind, water, solar and human power (De Steese et al. 
2000). These evaluations led to the design of ambient energy conversion and 
storage devices with electric output levels ranging from microwatts to 100's of 
watts. The resulting PNNL invention combines a novel TE generator with one or 
more heat pipes to exploit the free thermal energy that is harvestable as a result 
of spontaneous temperature differences occurring across various boundaries. 
The normal temperature differences that exist, for example, between earth and 
ambient air, and inside and outside HVAC ducts in buildings present 
opportunities to apply this concept. In these environments, the characteristically 
low efficiency of TE converters can be tolerated. This is because the heat supply 
capability of the source is usually very large compared to the typically small 
amount of electric energy required for powering applications such as sensors, 
small transmitters and monitoring equipment. 

Objective 

The objective of this work is to assemble a package that integrates a small TE 
generator with heat-gathering and -rejecting subsystems that exploit natural 
temperature differences that exist between free air and in-soil environments. 

Technical Description 

Basic components of this device are heat pipes that couple the hot and cold 
shoes of a TE battery to ambient heat sources existing at different temperatures 
either side of a barrier or boundary. In this case, the boundary between zones of 
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different temperature is tine earth's surface. The upper heat pipe communicates 
thermal energy harvested from free air to the hot shoe of the TE converter. The 
lower heat pipe conducts waste thermal energy to the heat sink provided by 
underlying soil. 

In general, this concept produces a useful output bi-directionally; i.e., both when 
the air is hotter than the soil and vice versa. The double heat pipe design is 
particularly useful if the device is operated in the bi-directional mode, especially 
when the soil is warmer than the air. In this case, both heat pipes operate as 
reflux boilers to pump thermal energy upwards through the TE converter and can 
exploit gravity-assisted return of internal working fluid to their respective 
evaporator sections. 

The specified operational mode addressed in this white paper is han/esting 
energy from ambient air and conducting it downward through the TE converter to 
an underground heat sink. This requirement will allow the simplification of 
replacing the upper heat pipe with a thermally absorptive hot shoe extension. 
However, fluid flow in the lower heat pipe results from evaporation at the 
underside of the TE cold shoe and condensation at the lower extremity of the 
heat pipe where heat is given up to the soil. Re-circulation of the working fluid in 
this mode of operation requires a wick structure on the inside of the pipe to draw 
the condensate back up to the evaporator region against gravity. The typical limit 
for this mode is a wicking height of about 20 cm as constrained by the physical 
properties of conventional heat pipe working fluids. 

The thermocouple assembly comprises many thin-film bismuth telluride TE 
elements deposited on a flexible substrate using proprietary techniques PNNL 
recently developed (see related experience section). This assembly is in the 
form of a rolled up strip of thin-film elements wound on a small reel or bobbin that 
forms the core of the device. The bobbin is approximately 1 .6 cm long and less 
than 1 cm diameter. 

The concept is readily scalable to higher power levels by increasing the number 
of TE elements deposited on the roll. Conceivably many tens of thousands of 

miniature elements could be incorporated in series and/or series/parallel 
arrangements to produce device electrical outputs of up to several of watts. 
Future advances in TE materials may enable overall conversion efficiencies 
approaching 10% despite the typically small temperature differential used to drive 
such devices. 

The ends of the bobbin are designed to function as the hot and cold shoes of the 
thermocouple roll. Heat pipes attached at both ends of the bobbin transfer heat 
through the TE assembly from the air side to the in-soi! side of the device. The 
primary heat pipes are approximately 20 cm long and between 0.3 and 0.6 cm in 
diameter using water as the working fluid, unless freezing conditions have to be 
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accommodated. In this case, methanol or one of the other alcohols would be 
selected. 

The outer surfaces of the air-side heat pipe are coated with a material having a 
highly absorptive surface to maximize collection of solar radiation, as well as 
sensible heat from the ambient air. Experiments are being, conducted to 
determine whether the heat transfer achieved by the heat pipe is better than a 
simple hot shoe extension on the air side of the device. Depending on the 
outcome, a suitably designed and surface-treated hot shoe may be substituted 
for the air-side heat pipe. This option would have the advantage of reducing the 
infrared signature of the deployed system. Insulation will be applied to a major 
portion of the lower heat pipe to prevent heat leakage into it from relatively 
warmer soil near the surface. This could interfere with the heat transport from 
the cold shoe to deeper regions in the soil. 

The TE device is designed to generate nominally 330-/yW of dc power with an 
output of 100 M at 3.3 V. PNNL anticipates the successful incorporation of 
sufficient thin film elements to offer this performance as the raw, unconditioned 
power of the device when a temperature differential of 20-C exists across the hot 
and cold shoes. However, it may be possible to improve aspects of the design, if 
the unconditioned output is reduced to a lower voltage (e.g., 1 to 2 V). In this 
case, a lower voltage device would be assembled with a dc/dc inverter to achieve 
the required 3.3-V output. This inverter would be a silicon-based micro-electronic 
circuit. It could also incorporate a super-capacitor to provide energy storage to 
maintain mission functions when the temperature differential across the TE 
generator is less than 20-C. 

Anticipated Deliverables 

The products of the planned effort will be a deployable 300-;/W TE generator 
activated by ambient thermal energy and a report that describes the design, 
development, construction and testing of the delivered device. 

Related Effort 

PNNL has been active in the research and development. of devices and concepts 
that harvest ambient energy since 1995 (see reference). A product of recently 
completed development effort at PNNL is a small TE battery designed to produce 
10's of microwatts at interfaces differing in temperature by only a few degrees. 

In performing this work, PNNL recognized the value of using TE elements with 
larger length-to-area ratios. Such a development offers a more efficient TE 
generator with a higher unconditioned output voltage. PNNL has successfully 
deposited thin-film thermocouples on flexible substrates and has developed 
capabilities to package hundreds to thousands of such couples in the space 
presently occupied by only 10 to 20 conventional elements. PNNL has high 
confidence that a miniature 330-/yW TE generator can be designed and 
constructed as described, by building on the above experience. 
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Milestones and Cost 

The cost and schedule for this work would be determined after the technical 
interest of the potential user(s) is established. 

More Information 

All material contained herein is provided for informational purposes and Is not to 
be made publicly available. Interested parties should contact the author for more 
information: 

John G. De Steese 
Pacific Northwest National Laboratory 
P. O. Box 999 
Richland, WA 99352 
Telephone: (509) 375-2057 
Fax: (509)375-3614 
E-mail: john.desteese@pnl.gov 
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